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ABSTRACT 1 Function in Design Process
~ We consider two questions related to functional part fami- Functional considerations permeate every stage of desig
lies: a) how to characterize function in a computationalnfre- from the earliest conceptual thinking to detailed desigtmoiga-

work, and b) how does the structure-to-function model ga@lner  tions. Yet the concept of function remains unclear in thégies
ize when the design changes, e.g. by changing the set ohdesig community [1]. Certainly, function is related to the design
variables? For the first, we observe that function is defined 0  ject’s behaviour loosely defined as the totality of the object’s
the space of behaviours of the part, whereas structure is@efi  interactions with itself and its environment. At other tsnét

in the space of design parameters. For mechanical assespblie s related to the user’s expectations of the part, whichlighh

as the design parameters change, their effect on the mo&ien p  certain aspects among the behaviours. In this work we inter
rameters can be complex, and cannot be automated in full gen- pret function in terms of user expectations and considebthe

erality. Thus, the mapping from structure-to-functiondlves haviours as a discrete d&tthen a subsdt that meets the design
considerable designer knowledge. For computational psegso intent may constitute the “function”. For computational o
we quantify this function by defining part-family-specifiene on function, we quantify this function in terms of a perfomoe
figuration Space (C-space) constructions, and also a m#tet metric that reflects the degree to which the function meats th
operates on these C-spaces to define each function. user’s expectations.

When the design is changed, either by changing the design e consider the class of mechanism assemblies, in whic
space (structure), or by the user expectation (functioal ex- the relative motion of different parts is captured througtoa-
isting design knowledge from the earlier part family migrao figuration space (C-space) [2], which is used as an index-to re

the new product family? We make a start towards exploring how trieve the intended behaviours of the existing mechanighs [
this knowledge can be modified when the part family is evplved The Function-Behavior-Structure (FBS) [4] framework teta

for example by introducing additional design variables, lyr the function of a design object to its behaviors and its stmat
changing functional roles. Using examples from severe lie- descriptions.

signs, we present a small prototype for this process of niuglel

: . . ) However, functions are not independent of the user. Let u:
function and design change, implemented on a commercial CAD

consider the example of a padlock. Initially, its functioasxseen

engine. as that of providing an open-able ring (topological toruw-
ever, once it is instantiated, other aspects of its behawooh

as its weight, or how noisy it is, may become part of the usel

*Address all correspondence to this author. expectations. Thus, function may be determined by a) mappin
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the structure/geometry into a comprehensive set of behesjio

and b) defining performance metrics on some or all of these be-

haviours. Both these problems are intractable for general d
signs, where determining all behaviours is problem-speaifd
does not generalize at all; similarly defining performanedrios

is also usage specific.

One of the important questions is that the nature of the de-
sign variable space itself changes as function proceedsex-o
ample, some inter-relations between the variables mayeptimv
be untenable based on functional considerations, so tiilsir-
ities emerge in the design space. Also, as the functionaicasp
become clear, the relative importance of different desigr-v
ables change, and the nature of approximations used irirayriv

mapped to an unique structure in structure space (S). The ma
aspect here involves identifying the set of intended behasi
(Bi) in the whole set of behaviours (B), and then defining per-
formance metrics on these intended behaviors in perforeanc
space (P). These intended behaviors can also be termed as-
performative behaviou(Bp) since the performance metrics can
be defined only on this subset. Thegserformative behaviours
are similar to what Gero [5] calls expected behaviours. Tbus
re-phrase the F-B-S model of John Gero [5], we may say that oL
model involves D-S-B-P, which involves mapping from D to S,
S to B, and then evaluation from B to P. The results of evadnati
are then used to search in design space and come up with a
of improved S. This process is shown in Fig. 1. In this papel

at a mathematical model can be changed. These would also af-we characterize function based on this frame work for fuomzl

fect the part family structure-to-function mapping congiigns.
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Figure 1. Design Processa mapping from design space to structure
space and searching the design space based on performance evaluation
of the intended behaviours.

In this work we consider these problems of identifying func-
tion and relating this to design change in the context of func
tional part families. Initially, a functional part familgidefined
by a shared structure and a shared function, defined in tefms o
a set of performance metrics. However, later, either theegire
or the function may change. Here we consider one kind of de-
sign change where the set of parameters related to a desige sp

is expanded from the existing design space to the new design

space by introducing new design parameter into the exiskig

part families.

1.1 Function in Part Families

Part family is a set of parts that serve a related set of marke
applications - they are functionally similar, and share amawn
technology base, and lead to better processes for lifee @yl
sign [6]. Functional commonalities across product farasili@ave
been considered by [7, 8], but even here, not much progress hi
been made in mapping the structural similarities onto fionct
Here, we distinguish between two types of part similaritigs
Functional Part Family which shares an embodiment and (i)
Geometric Part Familywhich shares the same geometric struc-
ture, differing only in dimensional parameters.

Lock A Lock B Lock C

Lock D

Lock E Lock F

sign space and show how the performance metrics would change

in functional part families and also we examine how the desig
constraints vary based on functional constraints.

Initially we identify a set of design parameters in a design
space (D) and each design vectoin the design space can be

2

Figure 2. Lock Family: Functional part families are evaluated based
on the same set of qualities. Though the locks shown are varying in ge-
ometry but their shared functions can be locking, strength of the lock,
ease of locking etc.
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Definition 1. Functional Part Family (FPF) is a set of mem- 0
bers, in which each member share the same qualitative nature
and semantics of functions but the specific performanceienetr
may be different since the design vectors can be different.

Definition 2. Geometric Part Family (GPF)is a set of mem-
bers, in which each member will share the same set of perfor-
mance measure® and consequently they also have the same
design vector spac@.

(b)

Figure 3. Configuration Space) Mechanisms in the lock can be de-

composed into a key-barrel fragment and a latch-bolt fragment b) C-space
A FPF is that set of related parts where knowledge of func- for key-barrel design fragment - rotation B of key results in X translation

tion can be transferred in some meaningful way. Since this ca movement in latch. due to the hysteresis loses the X varies as shown.c)

not be defined clearly, we adopt the notion that an FPF is a set C-Space for latch-bolt design fragment - relates horizontal motion of latch

of designs that are evaluated based on the same set of @sialiti  (X) with vertical motion of u-bolt (Y).

i.e. the actual metrics may be different (since the desigitesp

or embodiments differ) but the semantics of what is being-mea

sured (e.g. strength, ease of locking) remain the same.gtbac

primary function of the six locks shown in Fig. 2‘i®cking” .

Within a GPF, different instances arise as a result of vianat

in a small number of design variables. We show that given any

set of design variables one can generate the C-space, and als

that the performance metrics can be evaluated on this igult

C-space. Thus we can explore different designs that ariggnwi

the constraints defined by the designer.

family, so that these can now be extended to the new part beir
designed or the existing part being analyzed. Also, the-qual
itatively important aspects of the C-space are also conrita
based on similar examples. Thus the problem is considerab!
simpler for part families. Consider six different padloastyns
Fig.2, in which A, B and C exhibit Bolt-Latch design fragment
while Fig.3a, relateX to the bolt movement.

In particular, we make the following claims:

e For mechanical designs involving movable parts, the func:
tionality can be captured through certain operations define
on the C-space.

e It is possible to construct such Configuration Spaces fol
members of a part family taking into account the variation
in dimensions and form (section 2.1).

1.2 Configuration Space

Configuration Space (C-space) is the space of independent
variables describing relative motions of sub-parts [9].e &+
space of a kinematic pairs can be defined interms of the shapes
and degrees of freedom of its parts. In Fig. 3(c), the hatched

region correspond to invalid object positions; the freeargor- e Measures of performance, defined in terms of certain be
respond to valid object positions; and the boundary separat haviours, can be related to metrics defined on the configure
these two regions is the contact space. Contact space isthe t tion space or other functions of the design variables (gecti
jectory where the two object touch with geometric featuress v 2.2).

tex,edge and forms feature contacts vertex-vertex, atige, By relating the structure, definable in terms of design vari-
edge-edge type. ables, to a set of behaviours which are evaluated using the pe

formance metric, one has created the basis for optimiziageth

Definition 3. Configuration Space’ of a body w.r.t another is variables based on function.

the space of all configurations” € ( the bodies can have w.r.t

one another. Th®bstacle spacef body B w.r.t A0Sz (B) is

defined as the set of motions that cause a collision between A1.3 Performance Measures

and B.0S4(B) = {T|3(xc A)TL(T)xe B}. 8054(B) is the Definition 4. Performance Measure Rs a set of real valued

boundary of this obstacle space. functions from a set of behaviours fb. A set of performance
measuresy are defined for the set of behaviours intended for the
design.

Computing the (C-space) for general motions remains an in-
tractable problem [10]. Further, given a C-space, obtgisimnc-
cessful abstractions on it - i.e. segmenting the free-spaoe 2 Example : Padlock

behaviourally significant regions -e.g., using topolotiycdif- For the padlock the motion of the U-b@K) w.r.t the motion
ferent contact types [11], remains a considerable chafierg of Latch (Y) defines the C-space shown in Fig.3c. The hatchec
the situation involving part families, we assume that thep@ace region corresponds to collision configurations; the whétgion

model has been worked out for some existing members in the corresponds to “free space”.
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Figure 4. Design Variables for the Geometric Part Familya)
Bminor: height of the elliptical main body; r: U-bolt curvature; |: length
of U-bolt. Two other parameters, W and t, width of the slot and latch
thickness, are not seen here. (b) All other dimensions related to shape
and function are determined from these design variables alone, e.g. the
width (major axis) of the elliptical body, & is specified as 2.5r.

2.1 C-space Analysis

Qualitatively, we may think of the latch position Left, Righ
(L,R) and the bolt position as Up, Down (U,D) as well as an

Intermediate region as (U,1,D). Note that the bolt is in thedJ

Down positions, the latch can go Left, but in the Intermesliat
position(l), neither Up nor Down, the latch can only be Right
This is shown in 5, where we have labelled the regions of the
freespace: UL is (Up + Left) etc. In principle, this C-space

can be computed for the entire part family. If we consitigr
as the co-ordinate transformation specifying the frametlier

U-bolt [U] in terms of the Latch frame [L], then this transfor

mation has two translational DORsandx. For vertex-vertex
type of contact wherey, on latch is coincident withy;, on

U-bolt. Now we may specify the boundary of the C-space in

this extremely simple translation-only system by theseaéquos:

vertex-vertex contact: TV (x,y)tv =Yw,
vertex-edge contact: TV (x,y)v €Vey
edge-edge contact: B e TV (x,y) e (B)stB eV g,

Solving these equations feX,Y) gives us the boundaries of
the free-space region in the C-space. When there is an teffor
on LatchFy or on U-boltF, there will be change in the states by
moving in the respective motion axis Table.5. Thus, wherithe

boltis Down (D) and the latch is Left(L), the qualitative digu-
ration is designated DL (Fig. 5a). Itis not possible for thbdlt

to move upwards, hence we call this configuration”lockedie T

act of shifting the configuration horizontally to a point retDR

6. From here the U-bolt is free to move up to UR. This behavior

is systematic across the family, only certain performanmiterca,
defined on this behavior. Within any membeiF¢fF this will re-
main a valid characterization of its C-space. However, tgreke

to which different user expectations are met may vary; tlaese

captured through performance metric.

—1

(a) (b) (c)
Y
Uh_ UR)
0)
‘ rré (D.R) /
[ ] =

(d) (e) ®

Figure 5. Functional States as Regions in C-spane states DL,
DR, UR, UL and | are shown in the C-Space (f). Behaviours involve legal
transitions between these states. thus, the fact that from (D,L) one can
transition only to (D,R) and that this motion involves the use of the key,
defines the primary function of the lock.

U0 (UR
Fy | x| State | iy | Fx | State
0|+ | UR | 0|+
+ 10 +10
0| - 0| -] UL
- o - 0| (DR

(D,R) (D,L)
Fy | x| State | iy | Fx | State
0| + 0|+ | (DR
+ 10 + 10
0ol- | DR |0 -

- 0] UR | -|0

Figure 6. Operation States of Bolt-Latclonly certain transitions
are permitted between different c-space regions. thus, if a positive force
is applied along Y in state (D, L), there is no change of the state. only
applying a positive force in X can move it to state (D7 R).the motion states
with +, - indicate positive, negative motion.

2.2 Performance Metrics
The product performance can be defined as the how we
the product implements its functional elements. Let us icams
functions that it is desirable that a padlock must perforra.aA
initial point, we may define
e fp: Create a topological torus (ring) structure which can be
opened or closed.

In order to meet this function, a design with a key mecha-
nism and a latch entering into a slot on a shackle is designet
This corresponds to decomposiftginto two sub-functions:

Copyright © 2008 by ASME



This function could be decomposed as

o fiinear - Operation of key in rotary motion converted to linear
motion to move the latch.

e fring : Ring closes when latch is moved into slot with shackle
in “down” position, and opens when it is withdrawn. (Design
fragment implemented in the C-space of Fig. 3b)

fring = {3x|PreventsTrang)}

All members in the geometric part family share functions
fiinear and fring Which are key function in thiSPF. For all mem-
bers of thisPF, the C-space must implement the functidf&ar
and fiing (and therebyfg). However additional functions may
be important design considerations for different membéth®
part family. For example, some users may require extremnigly h
strength in their locks (maximize the breaking force) sitérof
lock (Ttr), while others may require that they should be open-
able and lockable easily (for example in the dark).Othefquer
mance measures ease of lockimgagd, weight of lock (Tueight)
are some of the design considerations for the part family ex-
plained in the following sections.

2.2.1 Ease of Locking Consider the space of the de-
sign variablesv,t Fig.7. Clearly, ifw < t, then the function of
locking fails. Ifw—t is small, user may find it difficult to guide
the latch into the slot on the U-bolt. Thus a simple measure fo
ease of locking is just the clearanee-t, which should be maxi-
mized subject to other design constraints. The performarate
ric for ease of locking is

feasible

region EI::
w-t
g
o iw-t

(@) (b)

Figure 7. Variation in C-space within Geometric Part
Family(a)Latch-Bolt design fragment - relates horizontal motion

of latch (X) with vertical motion of u-bolt (Y) (b) AS W —t reduces, the
clearance for moving the latch reduces. if this gap is too small, ease

of locking may be hindered by small misalignments; if it is too large, it
may leave too much space for the latch to bend in. the slot part of three
different designs are shown in A, B, C.

slot
=

The performance metric for ease of locking is thus defined

5

as

Tlease= Wt 1)
which is to be maximized. Any other signed monotonic funttio
Tease= (W— 1) could also be used.

2.2.2 Strength of the Lock  The strength of the lock
depends on a number of factors, such as the tensile strehgth
the U-bolt, the bending strength of the latch, the groovehen t
U-bolt, the support for the latch inside the lock, etc. Here w
have considered it as supporting as shown in Fig.8. When th
lock is hammered, an impact force is applied near the leftefnd
the latch. While the effect of this impact loading is mordidif
cult to model, a reasonable simplifying assumption is tHatk
which is strong in normal loading would also be strong in ietpa
loading. Thus, we seek to maximize the failure force F, which
may be computed by setting the bending stress equal to tltk yie
strength. The stress is expressedoas SE' , and setting this
equal to the yield strength gives us a valueFowhich is to be
maximized :

__ Oy b|_t2
=5

(@)

whereoy is the yield strength of the material (incorporating a
suitable factor of safety etc) and | the supporting length.

R1
n .y, 12

t

Figure 8. Strength of the Lockwe use a very simple roller support
model for the latch.

R2l

2.2.3 Weight of the Lock The total weight of the
body will be the sum of (a) Weight of the U-balyt, =
Pu(2lpoit + 1) 1102 /4)(b) Weight of the lock bodyV, = ppTabt,

Thyeight = W1, +Wi 3
Herety, is the depth of the lock, and densgyreflects the average

density of the body, including the empty spaces etc. Thisgiv
us the performance measurgeight to be minimized.
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2.3 Design Search: Padlock Optimization

Design is a search process. During this process design-
ers tries to find optimum solutions through searching thégdes
space. The member of the part family is characterized by a set
of design variables. In which we focus on a 5-tuple design vec
tor w,t, r, bminor, | Which we call as driving variables as the other
design dimensions internal to the lock Fig.4 are definedrimse
of these driving variables. For example, the depth of theybod
is 4t and the width of the latch il = 3t. Given a set of values
for a design vector, one can determine its shape and alsaugari
auxiliary components such as the C-space.

2.3.1 Multi-Objective Optimization

Maximize Tigr(V) = %ﬁtz,
Maximize TiasdV) =wW—t,
Minimize  Theight(V) = Wi, +Wtp,
Subjectto g(v)=w-t>0.1, 40 <wt < 8.0,
12.0 < bmajor < 25.0, 100<r,1 <20.0
(4)

We have used Evolutionary Multi Objective (EMO) algo-
rithms (NSGA-II) [12]. The probabilities of recombinati@md
mutation operators used apg = 0.8 andpy,, = 0.3 respectively.
The Fig.9 shows the Pareto front. Considering the threectiage
functions ease of locking, strength of lock, and weight cklae
have obtained a set of optimal solutions, non-dominated- sol
tions, Pareto front. Pareto optimal front aids the decisiaker
to chose the non-dominated solution. Any point in Fig.9 give
the respective design vector which defines the shape of the th
design object with desired function. In each generatidfemdint
design vectors generate various design objects by satigfiie
function. Fig. 10 shows locks in various generations.

2.4 Resulting Designs

In this section we are going to discuss the evaluation of per-
formance measures on the intended behaviours. The intéeded
haviors we consider amase Tlstr, Thweigth and the multi-objective
optimization procedure NSGA-Il is used. Fig.9(a) shows the
Pareto optimal solutions for different weights w=0.4, w8-6tc
and the Fig.9(b) shows the Pareto optimal solutions foedfit
ease of locking and Fig.9(c) shows the Pareto optimal soiati
for the different strength values.And Fig.10 shows the $oitk
different generations.

3 Design Fragment : Slotted Wheel and Latch Mech-
anism

Pareto Optimal Solutions for Pad Lock

3 ‘i{
ight = 0.4
o | o
) % Strength = 1400
%
1 % Strength = 900
3 \ Ease of locking = 1.0 *
2000 % 2000 x / 03|
m; 0 *
5 weight =06+ 5 ¥
: R H * B
£ 1500 ‘ * % £ 1500 * %m
g . u z % “
2 A & N N
5
1000 t& 1000 0.6] *
oo E/ \* % Ease of locking = 3.5 * *
weight LR Y *e L
“ ¥
e, %
500] o, \ 500 Ry 05 *
* * P of locking = 4.5 I *
iy * Aok s
- Strength = 1850
%
2 3

06 08
Weight of Lock

Figure 9. Pareto Optimal Solution$areto fronts with all non-
dominated solutions are generated in every generation during the de-
sign optimization process. the designer can explore the possible non-

dominated designs and decide on
jectives.

a tradeoff between several design ob-

Lock1 Lock?

Lock3

Lockd

Figure 10. Geometric Part Family : Locks in various generations

In this section we consider a design fragment (Fig. 11(a)), translational DOFX. The primary function of this mechanism

in which slotted wheel has rotational DA#Fand the latch has

6

can be,
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Wheg,

(@)

Figure 11. Slotted-wheel mechanism(a)Design parameters for
slotted-wheel mechanism: radius I', width W, breadth b, thickness of the
latch t and (= Sinfl(z—v‘;). (is a dependent parameter on design pa-
rameters. (b) Its geometric elements’ representation.

(b)

(o

CH -
/~—Cso1 CS02 - cs0s
CS03 Cso04
CS00 | | cso
N G811 cs10 509_ % csor
G- GG
i S
& .

Figure 12. (a) Contact State Graphgach node represents a con-
tact state and the edge represents the transition of contact states. the
contact state transition is specified a priori as in general case there are
many possible contact states possible in this planar case. by considering
only subset of possible contact states chosen based on the heuristics for
successful assembly to achieve the desired function (b)contact curves
represent the motion behaviours of the parts in differemtact
states.

e fo : The horizontal movement of the latch into the rotating
slotted wheel locks the rotational movement of the wheel.

The function of this mechanism can be captured by the mo-
tion behaviour and the type of contacts among the topolbgica
contacting surface elements (vertex, edge). Fig. 11(aysho
the contact space and 11(b) shows the configuration spabe of t

7

mechanism. Any device which shares this function may have
to satisfy the behaviours represented through C-spacel(Fig
(b)). With the help of this mechanism we explain how the de-
sign change may affect structure-to-function model in fiomal
part families in the next section.

4 Design Change
CF.-< ep- V> CFb-< €34~ Vo>

t @!;ei @Jﬁﬁ-i‘ @]&m e
(@) (b) (c)

Figure 13. Vertical Shift in Latcha) Note that in addition to the con-
tact formations of Fig. 12 two new contact formations are observed for
shifts that are positive (CF,,Fig.(b)), or negative (CFy, Fig.(c)).

A key process during any design interaction is the re-
definition of the design space itself. Expert designersxdtges-
tion the design specifications more insightfully than negifl 3].
Computationally, the important question is if the modelsrfed
for a particular design space can be incorporated into new co
ceptual structures. Design change may involve redefiniion
constraints defined in the early stages — in general, thegmlesi
problem defined in the early stages tends to be under-camedra
[14]. As the design process progresses a new set of cortstrair
arise based on the functional specifications. As a very gmpl
example, the constraintv(> t) used in Eq. 4 for the class of
padlocks is easy to discover but thet) space in the rotating
barrel lock (Fig. 11) will experience different feasibledainfea-
sible regions based on functional constraints.

In this section we examine how the design change may affec
the structure-to-function mapping in functional part fhes. For
this, we consider the rotating barrel lock (Fig. 11) and exam
how the change in motion behaviors affect the performande me
rics in functional part families, with the incorporation afnew
design variable.

4.1 New Design Variable: Vertical Shift e

Consider now a slotted-wheel lock mechanism with a latch
whose translational axis is displaced from the slotted Wbere-
ter by a distance(Fig. 13a). The mechanism is in the locked
state when the latch is inserted into the slot of the rotatihgel.
Clearly, ase becomes more thaiﬂlzi, the degree of penetra-
tion would vary, and this would affect its function. Heregth
strength of the lock may be measured in terms of the maximur
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torque that the barrel can withstand, instead of the véffticae.

In case of positive vertical shif, the latch can enter into the
slot only betweerb; and6; whereb; = sinfl((t;—f"")) —@and

6, = @—sin }(52). We consider the vertical shift as a design
change and introduaeas one of design parameters in the design
spaceQ, hence the design vectewill be {r,w,t,b,e}. With this
design change we find out the feasible and infeasible regons
the design spacavt) based on the functional constraints.

With the presence of vertical shift in the fixed axis of
the latch (Figure 13(a)), new contact formations can beiplass
(Figure 13(b),(c)). These new contact formations may ahara
terize the new behavior of the mechanism and hence the perfor
mance metrics. For example, the penetration depth varids wi
the variation of shifie values as shown in the Fig. 14b, c and d.
In the next subsection 4.2.1 we investigate the maximum-pene
tration depth for different shift values and hence we wiiadiver
the feasible and infeasible regions in the design subspate
for the functional part family design optimization.

40—

200 4

20t

ol :
004 06 x 08 1

0 02 04 0§ 08 1

(d)

Figure 14. (a)C-space without any axial shift, and the maximum pen-
etration is possible at © = O(b)C-space with an axial shift € = (W—;)
(c) C-space where new contact state CS, =< €1,V, > is possible and
hence the penetration depth varies with the rotation of wheel. (d) C-space

with CR; = {PCy, PGy, PGs} at a maximum penetration. PCy is CS,
PG is CD3and PG is CD1

4.2 Performance Metrics

4.2.1 Maximum Penetration  The penetration depth
(PD) varies with the change in the vertical sleiftalues shown in
Fig 15. With the presence of shévalues, the contact formations

8

are also varying where the maximum penetration is possible.

0.8f w=07 w=08 w=oAg —y
0.6 |
© 0.4l % g
0.2} . @
D
o1 . o
0.6 0.8 y

Penetration Depth

Figure 15. Maximum penetration depth for different ranges of axial
shifts. A,B,C and D are the different contact states at which maximum

penetration is possible for a design variable. % : 0.4,$ 105

Based on this computation, we can define a performanc
metric Tpp = penetration-depth. However, specifying the pen-
etration depth alone may not be adequate, since for higtesalu
of e, if this maximum penetration occurs at valuedaif 45 de-
grees or so, it may not be effective in preventing lock rotati
Thus, we may also wish to specify the maxim@rat which this
rotation occurs. The théw,t) design subspace, with feasible
(FFR) and infeasible regions, are shown for differing valoé
Tp along with various constraints dy in Fig.17(a) and (b).
For example, the second image considers the case where whe
Tpp >= 0.54, at angld® < 18° and Fig. 17(a) shows the situation
without any minimun® constraint for a differentrep).

Figure 16. Strength Analysis\ typical contact configuration; here the
maximum contact force is determined given the maximum torque that the
slotted wheel axis is expected to bear. this maximum torque Tmaxis equal
to the contact force times a moment arm d(X,8) that depends on the
penetration depth of the latch.
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Figure 17. Evolving Constraints Based on Performance Mea-
suresTlpp and T (a),(b) Feasible regions (FFRs) in the W,t design
subspace for differing constraints on Tipp or the maximum penetration,
together with constraints on 0. the last figure shows FFRs for constraints
on Tlgty or the maximum torque(Tmay). (slotted wheel mechanism, axial

shit e=0.3and b= 0.5)

4.2.2 Strength: Maximum Torque If we are to eval-
uate this lock based on its strength, an obvious measurehbeul
the maximum torqueémax it can support. This torque will vary
in different contact states, and we may compute it for theimax
mum penetration, as discussed in section 4.2.1. Let usdansi
a contact stat® as shown in Fig. 15. At this contact state the
latch in the mechanism is considered as a simple suppoded, f
which the free body diagram is shown in Fig. 16. Also, Eqg. 5
gives the relation for the maximum strength of the latch \Wwhic
can withstand against the desired torque

Here we obtain the following constraints based on Fig. 16.

The maximum torque&max that can be supported is determined
by the contact forc& and its moment arm; this contact force is
in turn limited by the latch strength.

£ _ Ovbaen(ts)®
6l
. e t
Tmax < —F cosB d(X,8) — F sinB (F+§)
2ecosB+tcosB —w

d(X.8) = 2rsin@

()

whered(X, 0) is the moment arm for the vertical component
of the contact forcé-. The other terms are as in Eq. 2 for the
padlock.

The performance metrit, for the slotted wheel may be
simply set to betmax as given in the equation (Eq. 5. Now,
asserting different levels of acceptability fog, results in con-
straints involving different parts of the design space, esns
in Fig. 17(c). Designs with thin latches (low valuestdére
clearly rejected by the requirement for strength, but ovtinthe
penetration depth being related to theta, wkés a significant
compared td, high strength also requires higher slot widlls.

Tty Without design change T, with design change

Tmax<Fr

Tmax< —F cos9 d(X,0) — Fsind (£ + &)

Table 1. Performance metrics with and without design changes consid-
ered in rotating barrel lock.

And Table 1 shows the performance metrics considered widh an
without design change in rotating barrel lock.

With this, one may learn some patterns for those regions o
the design space that are more likely to contain the funatipn
feasible part families. The discovered feasible regions lma
added to the design optimization as design constraintifoter
bounds on the design. By using general purpose function ay
proximators such as neural networks one can enable tharsyste
to infer feasibility regions from a small subset of part faes
that are anyhow being explored in another design task, which
currently under investigation.

5 Conclusion

There are two primary contributions in this work, to present
a workable notion of function in design for part familiesdao
consider (in a preliminary manner) how this notion of fuonti
can be expanded under certain design change situationgrDes
change is a common theme of human design, yet machines a
limited to search only within the given specifications. Wplexe
only one kind of design change, and show how the designer’
knowledge of function in an earlier space can be used in a ne\
design space which is a generalization of the earlier sitnat

However, since function depends on the user’s perceptio
of the part, it is possible to define function only in terms loé t
ways in which they are similar or dissimilar to related paatsd
not independently of them. By taking the part family as a set
of “related parts” this paper shows how such functional niode
may be developed based on the well-studied notion of Configu
ration space, and then based on this premise, we have prdsen
an approach for mapping between structure and functioniwith
a functional part family. We bring together existing contseqf
qualitative decomposition and of configuration spaces ¢ater
simple models that can work with variational part familidhe
resulting designs enable us to consider functions and exadn e
uate the design in terms of function during the early partef t
design process. In our interactions and demonstrationki®f t
system to working designers, initially, experienced desig did
not like it since felt that this approach is unlikely to beh#fem,
because they are already able to bring together considedabl
versity to the design task. However, it was felt that for begig
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designers, the availability of visualizations that presemumber [6] Simpson, T. W., 2004. “Product platform design and cus-

of choices in the design space provides opportunities fosicle tomization: Status and promise”Atrtificial Intelligence

ering alternatives that may not have been initially obvictlss, for Engineering Design, Analysis and Manufacturiig,

we feel, is a main avenue for expanding present CAD systems, pp. 3-20.

where more tools are made available so that less experigieced [7] Thevenot, H. J., and Simpson, T. W., 2004. “A compar-

signers can also benefit. In the end however, even maturgrdesi ision of commonality indices for product family design”.

ers found that some of the ideas thrown up by the system may be In ASME 2004 International Design Engineering Technical

useful in promoting creative thought. Conferences and Computers and Information in Engineer
The approach to design change is clearly preliminary, based ing Conference, Proceedings of the DETC.

as it is on the extension of the design variables by intrauyei [8] Jiao, J., Simpson, T. W., and Siddique, Z., 2006. “Praduc

new variable, which earlier was assumed to have a fixed value. family design and platform-based product development: A

While the result of this change has been analyzed, cleashetis state-of-the-art review"Journal of Intelligent Manufactur-

much work remaining in terms of other forms of design change, ing.

e.g., by extending the constraints on the variables, by ghgn [9] Latombe, J. C., 1991.Robot Motion Planningfirst ed.

the inter-relationships between the variables, by altgtie map- Kluwer Academic Publishers,Boston.

ping from the design variables to the geometric variables, a  [10] Ji, X., and Xiao, J., 2001. “Planning motion compliaat t

other aspects. In the design change considered here diter t complex contact statesInternational Journal of Robotics

design space is changed, or the set of functions may be ctiange Research20(6), June, pp. 446—465.
(altering the dimensionality of the Pareto frontier). Hoer [11] Mukerjee, A., and Bhatia, 1995. “A qualitative disdret

the expected behaviour may deviate from the prototypicalfa tion for two-body contacts”. In Proc. of the 14th 1JCAI,
ily functionality in many ways, and for each of these it would Vol. 1, pp. 915-921.

be necessary to manually re-define this new functional need i [12] Deb, K., 2001.Multi-Objective imization using Evolution-

terms of a performance metric. However, this is a problerh tha ary Algorithms 1 ed. Chichester, John Wiley and Sons,
may not be modeled computationally very easily. Ltd.

Another aspect for future work considers the issue of manu- [13] Ahmed, S., Wallace, K. M., and Blessing, L. T., 2003. “Un
facturing tolerances. Tolerances add new dimensionalibti¢he derstanding the differences between how novice and expe
space of motions, resulting in higher dimensional confiiona rienced designers approach design task&search in En-
spaces, and result in functional ramifications that coulfdb®o gineering Designl4(1), February, pp. 1-11.
foreseen in the earlier, canonical C-spaces. Incorpayaemfor- [14] Gross, M. D., 1986. “Design as exploring constrain®iD
mance measures that deal with tolerances is equivalenttthen thesis, Department of Architecture ,Massachusetts Utstit
dealing with designs that have added design parameters.isThi of Technology, February.

an aspect we are currently exploring.
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